The CO oxidation activity of 1 wt.% gold catalysts prepared by depositionprecipitation on a series of ceria doped with Zr supports was studied. The supports (10, 25 and 50 Zr At. %) were synthesized by a pseudo sol-gel method through the thermal decomposition of the corresponding metallic propionates. 
Introduction
CeO 2 -ZrO 2 mixed oxides has been widely studied because its application as three-way catalyst (TWC) promoters [1] . Apart from this use, materials based on these mixed systems have been reported in H 2 production from hydrocarbons [2] , sulfur abatement in the fluid catalytic cracking (FCC) process [3] , water gas shift reaction (WGS) [4] , and as solid oxide fuel cell anodes [5] .
The wide range of applications of CeO 2 -ZrO 2 mixed oxides is based on their ability to promote noble metal dispersion, and to enhance oxidation reaction processes by employing lattice oxygen. The last feature is allowed by the rapid reduction/oxidation cycles according to the redox reaction: Ce This results in the ability to store oxygen under lean conditions and to release oxygen under rich conditions, which is known as oxygen storage capacity (OSC) [6] . The intrinsic OSC of CeO 2 is the key for its application as an ionic conductor. The generation of Ce 3+ species in the reduction process is accompanied with the formation of oxygen vacancies in order to maintain the charge equilibrium. These may be located at the bulk or at the surface of the material, presenting differences of only one order of magnitude between the oxygen diffusivity in the bulk and over the surface. Oxygen vacancies are punctual defects that may alter the geometric and electronic structure as well as the chemical properties of the oxide. Kosacki et al. [7] have studied lattice defects in nanocrystalline CeO 2 thin films and pointed out that the formation enthalpy of the oxygen vacancies can be diminished by lowering the crystallite size, promoting the formation of Ce 3+ species, especially at the surface of the material, since these punctual defects tend to migrate there in order to reduce the free Gibbs energy of the system.
Considering the relevance of the oxygen vacancies in the ionic mobility in ceria, several efforts have been devoted to increase the population of these defects and the doping with Zr has demonstrated to allow it [8] [9] [10] [11] . The use of Zr as modifier of ceria has been widely reported not only by the improvement of the oxygen mobility but also for the enhancement of the thermal stability. Actually, the thermal stability and the modification of the textural properties have been closely related to the OSC promotion. Besides this, Di Monte et al. [1] [13] suggested that the increase of CeO 2 content in Ce X Zr 1-X O 2 mixed oxides produces the increase of BET area and solids with a ceria content superior than that of Ce 0.4 Zr 0.6 O 2 may be are candidates for low to medium temperature catalytic applications, avoiding the phase segregation. On the other hand, Masui et al. [14] presented the synthesis of Ce 0.5 Zr 0.5 O 2 employing different experimental procedures and the evolution of a cubic pyrochlore-type structure was detected in some cases.
This is an interesting result because such materials presents ordered structural oxygen vacancies preferably making them more stable.
From these studies, and taking into account the different discussions about the structural modifications in such oxides, the challenge of finding a way to control the oxygen mobility and the thermal stability is open. Despite this, it is clear that the Ce-Zr mixed oxides are good candidates for the deposition of gold nanoparticles, since their oxygen vacancies may act as gold nucleation centers [15] [16] [17] .
Since Haruta's pioneering work, it has been widely probed that when depositing gold on different supports as ultra-fine particles its chemistry changes dramatically, becoming extraordinarily active in oxidation reactions at low temperature [18, 19] On the other hand, Perret et al. [24] have synthesized Au/Ce 0.62 Zr 0.38 O 2 for the selective hydrogenation of benzoic acid in order to produce benzyl alcohol. The easy production of oxygen vacancies by the inclusion of Zr drives to the hydrogenation of an aqueous benzoic acid feed towards benzaldehyde and benzyl alcohol with a high rate because of the activation of the carboxyl function for hydrogen attack by the oxygen vacancies.
For a series of Ce-Zr solids tested in the water gas shift reaction, Vindigni et al.
[17] observed the following sequence of catalytic activity: AuCe50Zr50 > AuCe80Zr20 > AuCe. The higher catalytic activity showed for the AuCe50Zr50 sample was attributed not only to the higher dispersion of the deposits of gold, but also to its increased acid/base properties. The strong interaction between gold clusters and oxygen vacancies may generate some partially negative charged gold nanoparticles that may participate as active sites in the reaction.
Considering the scenario presented above, a wide number of papers devoted to the study of Ce-Zr mixed oxides may be found in literature. Nevertheless the existence of an optimal Ce/Zr molar ratio for achievement of the maximum improvement of the oxygen mobility in Zr-doped ceria is a question that remains unresolved. In this sense, this article aims fist to share different points of view presented in literature and to correlate them through a comparison with our own experimental results. Secondly, the influence of the structural modifications of Zr-doped ceria over the promotion of gold nanoparticles and their applying as CO oxidation catalysts is also discussed. For that purpose, the synthesis of Zrdoped ceria supports, varying the Zr atomic percentage (10, 25 and 50) is
proposed. These solids are employed for the preparation by depositionprecipitation of 1 wt.% gold catalysts. The obtained materials are characterized by means of X-ray fluorescence (XRF), N 2 adsorption, X-ray diffraction, Raman spectroscopy, scanning electronic microscopy, and H 2 -TPR. The generated results allows establishing clear trends of the structural modifications and the reducibility of the materials, that will be correlated with the catalytic activity of the solids, evaluated in the CO oxidation reaction. and CeZr50 for the supports and Au/CeO 2 , Au/CeZr10, Au/CeZr25 and Au/CeZr50).
Materials and methods

Synthesis of the supports
Characterization
The elemental composition of the samples was determined by X-ray fluorescence (XRF) spectrometry in a Panalytical AXIOS PW4400 sequential spectrophotometer with Rh tube as source of radiation. The measurements were performed onto pressed pellets containing 6 wt.% wax.
The textural properties were studied by N 2 adsorption/desorption measurements at liquid nitrogen temperature in a Micromeritics ASAP 2010 apparatus. Before analysis, the samples were degassed at 150 ºC for 2 hours under vacuum.
Powder X-ray diffraction (XRD) patterns were recorded on a Siemens D500 
Catalytic activity
For the oxidation of CO, the solids (80 mg with 100 μm <ø<200 μm particle size) were pretreated for 1 h at 300 ºC in a 30 mL/min activation flow of 21vol% 
Results and discussion
The chemical composition and the BET surface areas of the prepared supports and the gold catalysts are presented in table 1. In all solids, supports and catalysts, the measured Zr loading is very close to the intended one. In the same way, the gold loading in the catalysts is close to the intended one of 1 wt %.
The N 2 adsorption-desorption experiments (not presented) exhibited IV type isotherms with H2 hysteresis in all cases. These isotherms are typical for mesoporous materials with heterogeneous distribution of the mesopores size.
The mixed systems exhibited superior surface areas respect to that of the bare (0.84Å and 0,97Å respectively) [33] . In this sense, the distortion of the cell parameters by the isomorphic substitution results in a modification of the cubic symmetry of the CeO 2 . Actually the symmetry of the Ce-Zr mixed oxide depends on the Ce/Zr atomic ratio as proposed by Fornasiero et al. [29] .
A classification of the crystallographic phase and the space group of Ce-Zr mixed oxides as a function of the Ce At.%, previously proposed by Yashima et al. [34, 35] is presented in Table 2 . but also with other cations, has been previously evidenced [8, 36, 37] . From these works, it can be inferred that the structural defects inserted by the doping agents create an energetic barrier that delays the crystallization of the mixed oxide framework.
On the other hand, assuming a cubic structure for all prepared solids, the cell parameter (a) may be calculated using the reflection of the (111) crystallographic plane. If these obtained cell parameters are depicted as a function of the Zr At.% (Figure 2 ), a linear decreasing correlation is observed as the Zr At.% increases.
This trend agrees with the Vegard's law [38] , and points out the high solubility of Zr 4+ cations in the CeO 2 network [14, 32] . Some authors [39, 40] have observed similar results establishing that, as the Zr content of the solid solution increases, the lattice parameters decrease. This behaviour was confirmed by DFT theoretical studies carried out by Grau-Crespo et al. [41] , and related to the smaller ionic radii of the Zr Taking into account the classification presented in Table 2 , and considering the chemical composition of the prepared supports, the CeZr10 solid would present a cubic structure and the CeZr25 and CeZr50 would be in the composition range of tetragonal t'' and t' phases respectively. Nevertheless, the metastable transitions of t phase to t' and to t'' are relatively easily achievable.
Consequently, the asymmetry observed for the (220) reflection of CeZr50 (Figure 3 ), indicates the occurrence of transitions between tetragonal phases (t'
and/or t''), allowing the segregation of more than one mixed oxide (Ce X Zr 1-X O 2 )
with variable Ce/Zr atomic ratios. From these results it can be inferred that the Ce/Zr molar ratio in the CeZr50 support is not completely homogeneous throughout the length of the material, and the respective point in the linear trend presented in Figure 3 present a higher error than those of the other solids.
In their theoretical studies about Ce-Zr mixed oxides, Grau-Crespo and coworkers [41] case, all the supports were calcined at 500 ºC, and monophasic systems are obtained for 10 and 25 Zr At.%. However, for the CeZr50 sample, the high amount of doping agent easies the segregation, and although a tetragonal (t') phase is expected (according to Table 2 ), the coexistence of more than one tetragonal phase is probable.
The relevance of selecting an adequate synthesis procedure in order to control the homogeneity of the material is evident. Therefore, variables such as the nature of the metallic precursors and the procedure for improving the Ce-Zr interaction are of capital relevance during the preparation of these mixed oxides. In our case, the use of propionates is founded on the hypothesis that the organic anion may act as a pseudo-template that allows ordering of the Ce No XRD signals associated with any gold crystalline phases were detected, which can be due to the low content of such metal or, more probably, to the high dispersion of the gold nanoparticles, as early reported for gold supported on modified ceria catalysts prepared by the same propionates decomposition method [8] .
The Raman spectra of the supports and those of the gold catalysts are presented in Figures 5 and 6 [ 44] have proposed an empirical method for determining the particle size of CeO 2 using the linear increasing of the half-width of the F 2g signal with the inverse particle size. They observed that when the particle size decreases, the The tetragonalization of the cubic structure by the inclusion of Zr is also related to the evolution of the oxygen vacancies signal, which increases with the Zr At.%. Ganduglia-Pirovano et al. [45] have proposed that the main effect of the up-taking of oxygen species is the important change in the nature of the f electrons namely from valence to core-like. Consequently, the presence of oxygen vacancies represents an alteration of the symmetry and the electronic distribution of the network which is evenly shared by all the metallic atoms of the oxide. Therefore, the evolution of the oxygen vacancies signal observed in the Raman spectra is a consequence of the modification of the electronic distribution of the oxides that would be correlated with the amount of doping agent, which is responsible of the alteration of the textural and structural properties of the materials.
As presented in recent works, a correct evaluation of the evolution of oxygen vacancies population in pure and doped cerium oxides must be carried out by comparing the area ratio of the oxygen vacancies band and the F 2g signal (Ov/F 2g ) [8, 42, 43] in order to reduce the possible influence of the particle size and other effects over the shape and intensity of the signals [8, 43, 46, 47] . The Figure 5 inset shows how the population of oxygen vacancies increases with the Zr At.% in our materials.
The oxygen vacancies formation may be thermodynamically enhanced by the reduction of the crystallite size, according to Kosacki et al. [7] . They have studied lattice defects in nanocrystalline CeO 2 thin films and pointed out that the formation enthalpy of the oxygen vacancies can be reduced by a lower crystallite sizes, promoting the presence of more Ce 3+ species, especially in the surface of the material, because these punctual defects tend to migrate to the surface in order to reduce the free Gibbs energy of the system. That described above is in good agreement with our observation of the increment of the oxygen vacancies population and the reduction of the crystallite size of the studied CeZr mixed systems.
The Raman spectra of the gold catalysts are presented in Figure 6 . The F 2g signal stills being the more intense in all cases, but it is redshifted compared with the supports presented in Figure 5 (440 cm Despite the observed interaction between gold and the supports, there were not significant differences in the position of the F 2g signal for the gold catalysts.
However, the most relevant feature of the Raman spectra is the absence of the oxygen vacancies signal and the strong reduction of the intensity of the signals below 300 cm -1 associated to the tetragonalization of the oxide. This behavior must be related to the interaction between the surface and the gold species.
Some authors have established that oxygen vacancies can act as preferential structural sites for the selective deposition of gold, which would increase the dispersion of the noble metal [45, [48] [49] [50] [51] . The interaction of the oxygen vacancies in CeO 2 with other metals such as Rh, Ir, Pd and Pt has been also observed and associated to a metal-support strong interaction model, named metal nesting, by the filling of the oxygen vacancies with the metallic atoms [52] .
The observed interaction of gold and the oxygen vacancies allows considering the possibility that higher the population of oxygen vacancies in the support, higher the gold dispersion in the catalysts. However, the vanishing of the Ov signal after the deposition of gold suggests that the most oxygen vacancies detected were located preferentially at the surface of the supports, and in our case, a bulk to surface oxygen vacancies low ratio may occurring. This is in good agreement with the fact that formation of oxygen vacancies within the bulk is also feasible but less thermodynamically favored that the formation of surface oxygen vacancies. Moreover, despite the possible creation of oxygen vacancies in the bulk, these punctual defects tend to migrate to the surface in order to minimize the Gibbs free energy [53] , therefore a homogeneous distribution of these defects along the extension of the material is hardly achievable. In this sense, a superior energetic barrier for the creation of oxygen vacancies at the bulk in CeO 2 than in the surface of such material has been recently proposed by Plata et al. [54] employing DFT calculations for a model of a multilayer structure of CeO 2 linked to a Yttrium-stabilized zirconia (YSZ), being 2.42 eV for the vacancies at the bulk and 1.72 eV at the surface of the CeO 2 phase.
The surface character of most of oxygen vacancies which were detected for the Ce-Zr mixed oxides through the Raman spectra has been previously suggested for a similar system (Eu-doped ceria [43] ) evaluated under the same experimental conditions that our material. In this work it was considered that using a laser line where the optical absorption exists, the majority of excitation laser and scattering light were adsorbed by the sample. Then, only a portion of the radiation escaped, and the Raman signal got weak, containing information preferentially of the surface of the solids.
Representative SEM micrographs of the supports and the average chemical composition determined by EDX from 10 measurements at different zones of the sample are presented in Figure 7 .
Pure CeO 2 exhibited a laminated morphology with layers being composed by wormlike aggregates. Some gaps, that give rise to mesopores and macropores, remain at the junction of the aggregates (Figure 7a ). On the other hand, the Ce-Zr mixed systems present a randomly junction of the aggregates, without the layered structure of the bare CeO 2 .
Zr At.% values calculated by EDX analysis agree with XRF ones (see Table 1 ).
It means that there is an acceptable homogeneity of the Zr species along the materials. Despite the good correlation, a slight discrepancy is detected in the case of the CeZr50 solid. This is probably related to the segregation of different Ce-Zr mixed phases, with variable Ce/Zr molar ratios.
In order to analyze the dispersion of the gold nanoparticles over the catalysts, a high resolution field emission scanning microscopy (FESEM) study was carried out. Selected micrographs are presented in Figure 8 .
The main change in morphology is observed in Au/CeO 2 , where the layered structure of the support is not detected. In addition, this material exhibits bright spots with diameters between 20 and 30 nm, probably associated to Au particles. These bright spots are not observed for the catalysts containing Zr.
Since all catalysts present the same loading of gold, the absence of a high density of appreciable bright spots in the materials with Zr (Figures 8b and 8c) must be related with a higher metallic dispersion. However, the low contrast to Ce 3+ reduction in the bulk [8, 29, 30, 56, 57] .
The high temperature signal also presents a shoulder at 884 °C that may be associated to the reduction of some Ce 4+ cations in a deeper position into the bulk less exposed. The presence of different reduction events for the CeO 2 at high temperature has been previously described and related with different reductions kinetics in the bulk [29, 58] .
Ce-Zr mixed oxides also present two main reduction events at low and high temperatures, only due to the reduction of Ce
4+
cations because the Zr 4+ ones are not reducible [28] . Nevertheless, the intensity of the low temperature event is considerably higher than that of the high temperature reduction one for all the mixed oxides, which is in opposite way to that observed for the bare CeO 2 . On the other hand, the maximum intensity of the low temperature reduction process isomorphous substitution, which is in good agreement with the TPR results presented in Figure 9 , has been also reported [14, 60] . Such enhancement of the redox properties in the mixed oxides also correlates with the strong interaction between Ce The TPR profiles of gold catalysts are presented in Figure 10 . For the Au/CeO 2 solid, two main peaks at low and high temperature are observed as for pure CeO 2 . However, the low temperature one occurs at a lower temperature and is more intense than the high temperature peak. Considering that gold must be present on the surface of the support in close interaction with the oxygen vacancies, as was demonstrated by Raman, such interaction could be also responsible of the improvement of the redox properties, not only by increasing the population of reducible Ce
cations at the surface of the CeO 2 , but also for carrying out this process at less temperature as will be discussed below.
The gold catalysts synthesized with the mixed oxides also present both low and high temperature reduction events. The low temperature signals become broader as the amount of Zr increases, even becoming noticeable the contribution of more than one reduction process. At high temperatures, a broad zone of reduction is observed between 400 and 900 ºC. The area of this high peak clearly decreases by increasing the amount of Zr in the solid, which must be related with the improvement of the reducibility due to the Au-Ce-Zr not only at the surface but also in the bulk.
This enhancement of the reducibility of CeO 2 and Ce-Zr mixed oxides by the deposition of gold has been reported previously by Fonseca et al. [61] . In their work, the ability of Au and Pt to promote the reducibility of CeO 2 and CeZrO 4 is compared. Although both noble metals showed similar shifts in the reduction profile of CeO 2 , they suggested that gold was less effective in the modification of the reduction degree of CeO 2 , because it only enhanced the reduction of surface and near-surface Ce
, while Pt allows an easy reduction of both surface and bulk Ce 4+
. Our results partially agree with this observation because, although the main contribution on the reducibility after the deposition of gold seems to be over the surface Ce
, the reduction bulk cations seems to be progressively affected also with the increasing amount of Zr.
The generation of oxygen vacancies by the inclusion of Zr in the CeO 2 framework and the strong interaction of such defects with gold nanoparticles influence features such as the final gold particle size in this type of catalysts, through the enhancement of the electronic transfer between the support and the noble metal clusters allowing a higher dispersion, as proposed from SEM ( Figure 8 ).
The electronic transfer between gold and CeO 2 surfaces has been previously proposed by DFT calculations [23] . Au may weaken the bond of the surrounding oxygen atoms, making ceria a better oxidant, which in our case may be understood as better reducible material. In terms of the improvement of the reducibility of ceria through the creation of oxygen vacancies, the electronic transferring, promoted between the surface and the gold deposits, may reduce the energy barrier for creating more of such punctual defects at the surface [15] .
On the other hand, the presence of several reduction events not only for gold catalysts but also for the supports (Figures 9 and 10 cations become reduced ( Figure 11) .
In the case of gold catalysts, the possible contribution of cationic gold species was not considered since the Ce/Au atomic ratio in any case is close to 100 times.
For the supports, the RP increases with the loading of Zr. This agrees with the fact that the structure of the mixed oxide is able to stabilize more Ce [54] . No matter which of the two effects was more important, the electronic distortion is a phenomenon that greatly favors the ionic mobility.
This explains the ability of the doped materials to generate and stabilizing more Ce 3+ cations.
Concerning the gold catalysts, the RP values present the same trend than for the supports. Although a slight superior amount of reducible species was observed, no considerable differences are evident between each support and its respective gold catalyst. According to these results, the principal contribution of gold to the reducibility of the materials is to facilitate the reduction of reducible species existing at lower temperatures. The more easily reducible species must be those located at the surface of the support, considering that this is the place where the interaction between the noble metal clusters and the support is happening. The enhancement of the reducibility is another probe of the interaction between gold and the surface, especially with their oxygen vacancies as was proposed from Raman results.
Catalytic activity: CO oxidation reaction
The evaluation of the prepared supports and gold catalysts in the oxidation of CO is presented in Figure 12 .
The supports did not present any CO conversion until temperatures above 225 ºC and the highest performance was observed for the CeZr10 and CeZr25 materials, being their catalytic activity very similar between them. Gold catalysts presented a significant improvement of the CO conversion and total CO conversion was achieved at least at 150 ºC in all cases. Concerning the effect of the doping agent, all the mixed systems exhibited a superior catalytic activity than the Au/CeO 2 one at low temperatures. In addition, as the amount of Zr increases, a higher catalytic activity is observed at room temperature (25 ºC).
It is clear that in gold catalysts two effects cooperate for the observed improvement of the CO oxidation ability; i) the creation and stabilization of additional oxygen vacancies, and ii) the promotion of the electronic transfer between the gold nanoparticles and the support. The cooperation of these effects could be understood in terms of the dispersion of gold, because, higher the population of oxygen vacancies, higher the dispersion of the noble metal and higher the possibility for such electronic transfer. However, Chen and
Goodman [62] have observed that the CO oxidation ability increases until a maximum value by decreasing the particle sizes of the deposits, near to 3 nm for Au-based catalysts for the CO oxidation reaction. Consequently, the enhancement of the oxygen vacancies population with the amount of Zr and the decreasing of the gold nanoparticles sizes for achieving a higher CO conversion at low temperature must be carefully associated, because depending on the size of the metallic clusters, the CO conversion would be drastically altered.
In good agreement with our results, the enhancement of the catalytic activity in CO oxidation reactions by doping the structure of CeO 2 has been widely evidenced by many authors applying several doping agents: Zn [63] , Sm [22] , Fe [64] , Co, Mn [65] , Cu [66, 67] and Eu [43] , among others. In these works, the creation of oxygen vacancies by the strong interaction of the CeO 2 framework and the doping cation is commonly proposed as a determinant structural effect that facilitates the adsorption and activation of the CO and O 2 molecules during the catalytic reaction.
Besides this positive effect during the CO oxidation reaction, oxygen vacancies became determinant when gold is deposited on the surface because the strong interaction between them, decreases the required energy for the reduction of the catalyst. The easy reducibility promoted in the gold catalysts can be exploited as high capacity to capture and oxidize CO.
On the other hand, the capital relevance of the gold-oxygen vacancy interaction can be observed in other systems also applied for the CO oxidation reaction.
For instance, we have recently reported the enhancement of the electronic transfer in gold catalysts prepared on Y-doped TiO 2 in the CO oxidation reaction [68] . When gold nanoparticles were placed over oxygen vacancies of the support, a large electronic transfer took place from gold to the gaseous oxygen molecule, activating it for the CO oxidation. Despite that discussed above, there is not an exclusive mechanism for explaining the CO oxidation reaction. For instance some researchers suggested that the CO oxidation proceeds by a Mars-van Krevelen mechanism [71] , and it is widely accepted that factors such as gold particle size, synthesis methods, pretreatment conditions and the nature of support influence the catalytic activity but the CO oxidation are still subject of debate. In particular the role of the support and oxygen supply is controversial as was remarked by Corma et al.
[72].
Conclusions
The Finally, the catalytic activity evaluation in the CO oxidation exhibited wide superior catalytic performance of the gold catalysts compared to the supports.
Gold catalysts presented higher CO conversion at temperatures below 150 ºC as the amount of Zr increases. This behaviour may be due to a modified dispersion of gold nanoparticles as the amount of oxygen vacancies population was improved, which is directly related to the Zr loading in the support. The modified dispersion of such noble metal clusters allows the enhancement of the electronic transfer between the catalyst and the reaction environment, and an easier activation of the O 2 molecules. 
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